Neutron diffraction for a polycrystalline sample of LaCo0.8Rh0.2O3 and synchrotron x-ray diffraction for polycrystalline samples of LaCo0.9Rh0.1O3 and LaCo0.8Rh0.2O3 have been carried out in order to investigate the structural properties related with the spin state of Co 3+ ions. We have found that the values of the Co(Rh)-O bond lengths in the Co(Rh)O6 octahedron of LaCo0.8Rh0.2O3 are nearly identical at 10 K. The lattice volume for the Rh 3+ substituted samples decreases with the thermal expansion coefficient similar to that of LaCoO3 from room temperature, and ceases to decrease around 70 K. These experimental results favor a mixed state consisting of the high-spin-state and low-spinstate Co 3+ ions, and suggest that the high-spin-state Co 3+ ions are thermally excited in addition to those pinned by the substituted Rh 3+ ions.
Introduction
The transition-metal oxides containing a Co 3+ ion surrounded by six O 2− ions octahedrally have been extensively studied because the Co 3+ ion can take three spin states. 1 The fivefold degenerate 3d orbitals in the Co 3+ ion are split into the doubly degenerate e g orbitals in the upper energy level and the triply degenerate t 2g orbitals in the lower energy level owing to the Coulomb interaction between the d electrons and O 2− ions. The Co 3+ ions take the low-spin state (LS: t 6 2g ; S = 0), when the crystal field splitting is larger than the Hund coupling. In contrast, they take the high-spin state (HS: e ; S = 1) can be realized when the hybridization between the Co e g orbitals and O 2p orbitals is taken into account. 2 The spin state of the Co 3+ ions in the perovskite oxide LaCoO 3 has been long discussed theoretically and experimentally because it changes with temperature, 3 magnetic field, 4 or pressure, 5 known as the spin-state crossover. NMR 6 and neutron scattering measurements 7 for LaCoO 3 show that the ground state of the Co 3+ ions is the low-spin state. The magnetic susceptibility of LaCoO 3 increases with increasing temperature up to 90 K except for the contribution owing to the lattice defects, 8 which indicates that the magnetically excited state is thermally activated and the spin-state crossover takes place with temperature. 6 Anomalous expansion of the lattice volume for LaCoO 3 is observed via the powder neutron diffraction, which implies that the Co 3+ ion with a large ionic radius is thermally excited. 9 The excited state of LaCoO 3 at room temperature is controversial. The magnetic susceptibility of LaCoO 3 at room temperature shows Curie-Weiss-like behavior with an effective magnetic moment µ eff of 3.1 µ B , which is smaller than that expected for the HS Co 3+ ions (4.9 µ B ). 3 An NaCltype spin-state order consisting of the high-spin and low-spin states of the Co 3+ ions accompanied by the displacements of the O 2− ions was proposed as an excited state in LaCoO 3 , 10 but no evidence for such a spin-state order is observed until now. A dynamically ordered state consisting of the highspin and low-spin states (HS-LS model) is alternatively suggested from the soft x-ray-absorption spectroscopy 11 and heat capacity combined with the magnetic susceptibility. 12, 13 The calculations using the local-density approximation (LDA+U) suggest that the excited state of the Co 3+ ions in LaCoO 3 is the intermediate-spin state (IS model).
14 They propose the antiferro orbital ordering owing to the Jahn-Teller distortion of the CoO 6 octahedra, which is suggested by the synchrotron xray diffraction. 15 The IS model is also supported by the x-ray photoemission spectroscopy 16 and infrared spectroscopy. 17 We have studied Rh substitution effects in LaCoO 3 in order to clarify the spin state of the Co 3+ ions. Partial substitution of Rh 3+ (t 6 2g ; S = 0) for Co 3+ in LaCoO 3 suppresses the spinstate crossover and a Curie-Weiss like susceptibility develops down to low temperatures for x > 0.04 in LaCo 1−x Rh x O 3 .
12
In contrast to the significant change of the magnetic susceptibility, the electrical resistivity of LaCo 1−x Rh x O 3 is non-metallic, as is similar to that of LaCoO 3 . 18 First principle band calculations indicate that the unfilled 4d shell and covalency of the Rh 3+ ion stabilizes the HS Co 3+ ions. 19 We found that the effective magnetic moment of LaCo 1−x Rh x O 3 evaluated at room temperature is independent of Rh content x for 0 ≤ x ≤ 0.5, which suggests that the substituted Rh 3+ ion behaves as if it were preferentially substituted for a LS Co 3+ ion. 20 This suggestion is supported by the non-monotonic variation in the lattice volume for LaCo 1 
Experiments
Polycrystalline samples of LaCo 1−x Rh x O 3 (x = 0.1 and 0.2) were prepared by a standard solid-state reaction method. A mixture of La 2 O 3 (3N), Co 3 O 4 (3N), and Rh 2 O 3 (3N) with stoichiometric molar ratio was ground, and calcined for 24 h at 1000
• C in air. The calcined powder was ground, pressed into a pellet, and sintered for 48 h at 1200
• C in air. These samples were characterized by x-ray diffraction measured with Rigaku 4037V (Cu Kα radiation), and no impurity phases were detected. The oxygen content of LaCo 0.8 Rh 0.2 O 3 was determined by the thermogravimetric H 2 reduction analysis. The synchrotron powder x-ray diffraction for LaCo 0.9 Rh 0.1 O 3 and LaCo 0.8 Rh 0.2 O 3 was carried out at BL-8A and BL-8B, Photon Factory, KEK, Japan. Wavelengths of 0.7755Å and 0.6884Å were selected for the measurements from 100 to 300 K (BL-8A) and from 30 to 100 K(BL-8B), respectively. The diffraction patterns were analyzed by the Rietveld refinement using RIETAN-FP. 23 Neutron powder diffraction for LaCo 0.8 Rh 0.2 O 3 was carried out 
Results and discussion
Thermogravimetric reduction experiment yielded the oxygen content 3 − δ of LaCo 0.8 Rh 0.2 O 3−δ sample at 2.95 ± 0.01. This value is essentially the same as those obtained for the La 0.8 Sr 0.2 Co 1−x Rh x O 3−δ system with the same analysis technique, 26 and indicates only a tiny deviation from the stoichiometric oxygen content value. In the following we denote the two samples with their stoichiometric oxygen-content value.
Figures 1(a) and 1(b) show the synchrotron powder x-ray diffraction patterns for LaCo 0.9 Rh 0.1 O 3 and LaCo 0.8 Rh 0.2 O 3 at 300 K, respectively. We have analyzed these profiles as a mixture of two phases, rhombohedral R-3c and orthorhombic Pnma. It should be noted that LaCo 0.9 Rh 0.1 O 3 and LaCo 0.8 Rh 0.2 O 3 are located near the boundary between R-3c and Pnma phases in the phase diagram of LaCo 1−x Rh x O 3 at room temperature. 20 As shown in Fig. 1 , the refinements give satisfactory reliable factors.
Figure 2(a) shows the x-ray diffraction patterns for LaCo 0.9 Rh 0.1 O 3 at 100, 180, 240, and 300 K. The profile at 300 K shows two peaks which are indexed as R-3c. Another peak which cannot be indexed as R-3c develops near 33 deg with decreasing temperature. This peak is indexed as (242) in the Pnma phase, meaning that the volume fraction of the two phases change with temperature. Thus we analyzed the volume fraction at every temperature by fitting the diffraction patterns with the two phase mixture. The temperature dependence of the volume fraction of the R-3c phase for LaCo 0.9 Rh 0.1 O 3 and LaCo 0.8 Rh 0.2 O 3 is shown in Fig.  2(b) . The volume fraction of the R-3c phase decreases with increasing x or with decreasing temperature, implying that the crystal structure inhomogeneously changes from the R-3c to Pnma phase as a function of temperature and Rh content x as a mixed phase. Similar structural change and phase mixture are also observed in La 28, 29 The lattice volume for the two phases increase with increasing Rh content x, which is consistent with the previous study. 20 The lattice volume of the Pnma phase is larger than that of R-3c phase in the same composition. Figure 3(b) shows the temperature dependence 
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91.75(1) Figure 4 shows the neutron diffraction pattern for LaCo 0.8 Rh 0.2 O 3 at 10 K. We evaluate 3 % R-3c phase from the analysis, which is consistent with the experimental results of the synchrotron x-ray diffraction as was discussed in Fig. 2 . We will not discuss the crystal structure for the R-3c phase because the small volume fraction makes it difficult to evaluate the structural parameters of the R-3c phase. The lattice parameters a = 5.4125(6)Å, b = 7.7002(6)Å, and c = 5.4739(2)Å for the Pnma phase are evaluated from the neutron diffraction shown in Fig. 4 . Tables I and II have no orbital degree of the freedom. These experimental results favor the HS-LS model rather than the IS model, as is consistent with our previous study. 20, 21 Next, we discuss the volume V obs of the Co(Rh)O 6 octahedron in LaCo 0.8 Rh 0.2 O 3 , which is determined to be 9.97Å 3 by using the structural parameters given in Table II . V obs can be regarded as the average value of the octahedra which have the HS Co 3+ ions, the LS Co 3+ ions, and the Rh 3+ ions. Thus let us calculate the volume by using the following equation,
V LCO and V LRO represent the volume of the CoO 6 octahedron in LaCoO 3 and that of the RhO 6 octahedron in LaRhO 3 , respectively. V LCO is evaluated from the structural parameters reported in Ref. 9 . V LRO is set to be 11.54Å 3 estimated from the x-ray diffraction at 294 K 31 (no structure data are available for LaRhO 3 at low temperature). At first, we calculate V cal for the LS Co 3+ ions. V LCO (= 9.51Å 3 ) is taken from the structural parameters at 10 K, and then we get V cal = 9.92 A 3 , which is substantially smaller than V obs . This indicates that there are other spin-state Co 3+ ions in LaCo 0.8 Rh 0.2 O 3 , which is consistent with our previous study. 20, 21 V obs is close to V cal when the structural parameters of LaCoO 3 at 150 K are used for calculation (V LCO = 9.58Å
3 ). The previous study 12 suggests that the content of the HS Co 3+ ions in LaCoO 3 at 150 K is 80 % of that at 300 K. Taking the dilution effect by the substituted Rh 3+ ions into account, we estimate the content of the HS Co 3+ ions for LaCo 0.8 Rh 0.2 O 3 at 10 K to be 64 % of that for LaCoO 3 at 300 K. According to our previous study, 20 LaCo 0.8 Rh 0.2 O 3 has almost the same amount of the HS Co 3+ as LaCoO 3 does at room temperature. The difference between the contents of the HS Co 3+ ions between 10 and 300 K suggests that the HS Co 3+ ions are thermally excited in addition to those stabilized by Rh 3+ substitution at low temperature.
In order to discuss the spin-state crossover of LaCo 1−x Rh x O 3 more quantitatively, we evaluate the contribution to the spin-state crossover for the lattice expansion by subtracting the other contributions from the experimental results. At first, we calculate the temperature dependence of the lattice volume for LaCoO 3 expected from the phonon contribution by using the Grüneisen-Einstein formula given by
where T E and α V represent the Einstein temperature and the thermal expansion coefficient for T ≫ T E , respectively. The value of V (0 K) (= 55.06Å 3 ) is evaluated from extrapolating the lattice volume of LaCoO 3 shown in Fig. 3(a) towards 0 K. We do not employ T E and α V for LaCoO 3 because the spin-state crossover affects the temperature dependence of the lattice volume. Instead, we use T E and α V for La 0.7 Sr 0.3 CoO 3 , 32 which are estimated to be 142 K and 2.76 × 10 −5 K −1 , respectively. Next, we assume that the lattice also expands through the increase of an average ionic radius for Co(Rh) sites (the B sites) as reported in Ref. 9 . Then we can obtain the additional lattice expansion ∆V B due to the HS Co 3+ and Rh 3+ ions as
where x B and r B represent the content and ionic radius of B ions, respectively. As for the B ion, we abbreviate HS Co 3+ , LS Co 3+ , and Rh 3+ as HS, LS, and Rh, respectively. Finally we arrive at the expression for the lattice volume of Rh 3+ substituted samples given by
V (T ) for a mixture of two phases are evaluated as an average from the lattice volume and volume fraction of two phases shown above. According to the analysis in Ref. 9 , We evaluate ∂V /∂r B to be 54.38Å 2 from the lattice volume of LaBO 3 as a function of the ionic radius for B ions. 33 The values of r B for B = LS, HS, and Rh are set to be 0.545, 0.61, and 0.665Å, respectively. 34 Now we can calculate ∆V Rh by using x Rh taken from the chemical formula of the samples. The contributions of V GE (T ) and ∆V Rh together with V (T ) for LaCo 0.8 Rh 0.2 O 3 are shown in Fig. 5(a) . We can evaluate the ∆V HS (T ) by subtracting V GE (T ) + ∆V Rh from V (T ). 2) plotted as a function of temperature. x HS at room temperature is around 0.2 and almost independent of Rh 3+ content, which indicates that Rh 3+ substitution does not change the HS Co 3+ content at room temperature. While x HS of LaCoO 3 decreases to zero with decreasing temperature, x HS of Rh 3+ substituted samples decreases from room temperature, but ceases to decrease below 70 K. We emphasize that x HS evaluated from the lattice volume is quantitatively consistent with that obtained from the susceptibility as was reported in our previous study, 21 as shown in the inset of Fig. 5(b) . We expect that the gradual change of the spin state of Co 3+ ions above 100 K is due to the thermal excitation of the HS Co 3+ ions disturbed by the repulsion between the HS Co 3+ ions as discussed in LaCoO 3 .
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Further investigation is needed in order to clarify the relation between the thermally excited HS Co 3+ ions and those pinned by Rh 3+ substitution.
Summary
We have carried out the neutron powder diffraction for LaCo 0. 8 
